Low energy M 1 excitations are studied within the Time Dependent Hartree-Fock-Bogoliubov (TDHFB) approach. The solution of TDHFB equations by the Wigner Function Moments method predicts three types of scissors modes. In addition to the conventional scissors mode two new modes arise due to spin degrees of freedom. The lowest one generates a remarkable M 1 strength below the conventional energy range. The results of calculations for 160,162,164 Dy isotopes are compared with experimental data. The puzzle of the 164 Dy scissors is explained.
I. INTRODUCTION
In this paper, we report on exciting new theoretical and experimental developments concerning nuclear spin scissors modes. In Ref. [1] the Wigner Function Moments (WFM) method was applied for the first time to solve the Time Dependent HartreeFock-Bogoliubov equations including spin dynamics. The most remarkable result was the prediction of a new type of nuclear collective motion: rotational oscillations of "spin-up" nucleons with respect of "spindown" nucleons (the spin scissors mode). This new type of nuclear scissors complements the conventional (orbital) scissors mode. Later, promising experimental traces of this were found in Actinides and some Rare Earth nuclei [2] .
The scissors mode is defined as a rotational mode of isovector character. That is why we had divided (approximately) the dynamical equations describing collective motion into isovector and isoscalar parts with the aim to separate the pure scissors mode. In this way we achieved satisfactory agreement with the experimental data obtained by the Nuclear Resonance Fluorescence (NRF) experiments [2] . However, the nuclei considered have more neutrons than protons and, thus, Isospin is not a good quantum number. Therefore, to test the decoupling-approximation used earlier, we solved the coupled dynamical equations for protons and neutrons exactly, without the artificial isovector-isoscalar decoupling. As a surprising result one more magnetic mode (third type of scissors) appeared. Actually, the existence of three scissors states is naturally explained by combinatoricsthere are only three ways to divide the four different kinds of objects (spin up and spin down, protons and neutrons in our case) into two pairs, namely: i) spin-up and spin-down protons oscillate versus the corresponding neutrons (the standard scissors mode) ii) protons and neutrons, both spin-up oscillate versus same with spin-down iii) protons spin-up with neutrons spin-down oscillate versus protons spin-down with neutrons spin-up. We will detail our approach in this paper and compare with very new experimental data of the Oslo group [3] .
II. MODEL AND WFM METHOD
The TDHFB equations in matrix formulation are [4, 5] 
with
The normal density matrixρ and Hamiltonianĥ are hermitian whereas the abnormal densityκ and the pairing gap∆ are skew symmetric:
* . The microscopic Hamiltonian of the model, harmonic oscillator with spin-orbit potential plus separable quadrupole-quadrupole and spin-spin residual interactions is given bŷ
with where q 2µ (r) is a quadrupole operator,Ŝ µ are spin matrices [6] , κ,κ and χ,χ are strength constants, N and Z -numbers of neutrons and protons respectively.
With the help of Fourier (Wigner) transformation the equations (1) are transformed into TDHFB equations for functions f τ ς (r, p, t) and κ τ ς (r, p, t) (Wigner transforms ofρ andκ), where τ is the isospin index, ς = +, −, ↑↓, ↓↑ is the spin index, and f ± = f ⇈ ± f . Integrating these equations over the phase space with the weights 1, {r ⊗ r} λµ , {p ⊗ p} λµ , {r ⊗ p} λµ , where {r ⊗ p} λµ = σ,ν C λµ 1σ,1ν r σ p ν and C λµ 1σ,1ν is a ClebshGordan coefficient [6] , one gets dynamical equations for the following second order moments, that is collective variables:
−3 dp dr {r ⊗ r} λµ κ τ ς (r, p, t),
−3 dp dr {r ⊗ p} λµ κ τ ς (r, p, t). (4) There are 44 coupled isovector and isoscalar equations of the first order in time, which can be reduced to 22 equations of the second order in time. Excluding the integrals of motion we obtain 14 eigenvalue solutions.
The coupling constants are as in our previous publications [1, 2, 7] .
III. RESULTS OF CALCULATIONS AND DISCUSSION
First, the results of our calculations for 164 Dy are presented in the Table I , where the energies, magnetic dipole and electric quadrupole strengths are shown in the energy range 0 ≤ E ≤ 4 MeV. Left panelthe solutions of decoupled equations, right -isoscalarisovector coupling is taken into account. Comparing the left and right panels, we see that the most remarkable change happens with the third low-lying level, an isoscalar one without coupling, -it acquires a rather big magnetic strength. So, in the decoupled case there are 2 isoscalar electric and 2 isovector magnetic lowlying levels, and in the coupled case there are 1 electric and 3 magnetic levels of mixed isovector-isoscalar nature. The lowest electric level can be interpreted as the relative oscillations of the total orbital angular momentum versus the total nucleus' spin [7] . Such a motion surely seems possible but for the moment we have not investigated this motion more deeply nor have we much searched for an experimental equivalence. It is a task for the future. The three magnetic states correspond to three physically possible types of scissors modes already mentioned in the introduction. The state at the energy of 3.59 MeV is the conventional "orbital" scissors mode, the last two states at the energies of 2.20 MeV and 2.87 Table 1 of [9] . The solid circle marks the experimental result for 164 Dy when summed in the energy range from 2 to 4 MeV.
MeV are the "spin" scissors modes. As follows from our calculations, the spin scissors are lower in energy and stronger in transition probability than the orbital scissors. The Fig. 1 shows a schematic representation of these modes: the orbital scissors (neutrons versus protons) and two spin scissors (spin-up nucleons versus spin-down nucleons and more complicated -spinup protons together with spin-down neutrons versus spin-down protons with spin-up neutrons). Both spin scissors exist only due to spin degrees of freedom. If we remove the arrows from the picture, nothing will change for the conventional scissors (a). However figures (b) and (c) in this case become identical and senseless, because the division of neutrons and protons in two parts becomes irrelevant.
Our previous calculations [1, 2, 7] were performed in the approximation of isovector-isoscalar decoupling. We have found that with the help of the two above mentioned low lying magnetic states (left panel of Table I) one is able to obtain rather good agreement with experimental data on low lying 1 + states in Actinides and Rare Earth nuclei.
Calculations without an artificial decoupling produce three low lying magnetic states (instead of two without coupling), see Table I , whose summarized magnetic strength B(M 1) = 5.56 µ 2 N is remarkably stronger than the analogous value B(M 1) = 3.39 µ 2 N of two magnetic states in the case of decoupling. One would say that it is also stronger than the respective experimental value. However, one must be careful here.
Trying to compare the theoretical results with the existing experimental data for the scissors mode, we encounter different summing interval conventions. It is assumed that scissors mode includes only the states in a certain energy range. As a rule, the following two conventions are chosen, which lead to slightly different results for the summed M 1 strength: 2.7 < E < 3.7 MeV for Z < 68 and 2.4 < E < 3.7 MeV for Z ≥ 68 [8] , 2.5 < E < 4.0 MeV for 82 ≤ N ≤ 126 [9] .
Obviously, only two highest scissors fall into both of these intervals. It turns out that their summed B(M 1) agrees rather well with the majority of experimental values found by NRF experiments [8, 9] for nuclei of N = 82 − 126 mass region (see Fig. 2 ). The situation with the lowest scissors is very interesting. It helps to explain the long-standing problem of the 1 + spectrum of 164 Dy. The Fig. 3 demonstrates experimental M 1 strength distributions in 160, 162, 164 Dy in the energy range between 2 and 4 MeV, reported by Margraf et al. [10] . Obviously, there are two groups of strong M 1 excitations in 164 Dy around 2.6 and 3.1 MeV. However, only the upper group was attributed to the scissors mode, and the group around 2.6 MeV was not included because their summed M 1 strength strongly deviates from the scissors mode systematics in the Rare Earth nuclei [9] . The results of our calculations allows one to clarify the origin of both groups. Table II demonstrates that the energy centroid and summed B(M 1)-value of the lower group agree very well with the calculated E and B(M 1) of the lowest scissors.
The respective values of the higher group are in excellent agreement with the energy centroid and summed B(M 1) of two remaining (higher in energy) scissors.
So, according to our calculations, the low-energy group of states in 164 Dy is also a branch of the scissors mode (spin-vector isovector scissors).
In the rest nuclei of N = 82 − 126 mass region an equally significant low energy M 1 strength was not de- tected in the NRF experiments. However, our calculations predict the existence of comparable magnetic strength in all well-deformed nuclei of this mass region (see WFM2 in Fig. 2 ). This prediction is supported by calculations [11, 12] in the frame of QuasiparticlePhonon Nuclear Model (QPNM), which also predicts remarkable M 1 strength below the conventional energy interval (see Table III ). Our prediction is also supported by the recent experimental results of photo-neutron measurements performed by the Oslo group. In Ref. [3] the authors revised their previous data on the scissors resonance (SR) in 160−164 Dy obtained by the Oslo method. The essence of their findings is formulated in the following quotation from [3] : "...If we integrate over all transition energies, we find a total, summed SR strength of 4 − 5 µ 2 . The present fit strategy gives about 40% higher summed SR strengths than the reported NRF results. However, if we apply the NRF energy limits, we obtain excellent agreement with the NRF results. It is interesting to note that ∼ 40 − 60% of our measured SR strength lies in the energy region below 2.7 MeV. In traditional NRF experiments using bremsstrahlung, the transitions in this energy range are quite difficult to separate from the sizable atomic background." This is exactly the point! The statements about "40% higher" and "∼ 40 − 60%... below 2.7 MeV" are in perfect agreement with our findings! The energy centroids and corresponding summed B(M 1) given by the WFM theory and by the QPNM calculations [11, 12] are compared with experimental results from the NRF and from photo-neutron measurements (Oslo) [3] in Table III . The results are shown for various energy averaging intervals. As it is seen, the theoretical results and experimental data of Oslo group are in very good overall agreement for all three Dy isotopes. It is worthwhile to remark the excellent agreement between all theoretical and experimental results for 164 Dy. One may be worried by the comparatively big interval 0 < E < 10 MeV employed by the Oslo group [3] for centroids energies and B(M 1). However, in their paper they say that they eliminated all spin-flip excitations in their averages and, thus, their averaging becomes equal to the theoretical one, since it is generally believed that all what is above 4 MeV excitation energy does not belong to Dy from the present WFM theory, the QPNM [11, 12] and Gogny QRPA [3] calculations with the experimental values from the NRF [10] , photoneutron measurements (Oslo) [3] and from multistepcascade (MSC) measurements of γ decay following neutron capture [13] . Panel (a) -averaging energy intervals are 2 − 4 MeV for WFM and NRF; 0 − 3.5 MeV for QRPA; 0 − 10 MeV for Oslo and MSC; see Table III for QPNM, (b) -averaging interval is 2.7 − 3.7 MeV.
SR excitations. In Fig. 4 the averages for B(M 1) values are also shown for 160,162,164 Dy including this time the results from Gogny QRPA calculations and the experimental results obtained by the radiative capture of resonance neutrons [13] . It is remarkable to which extent theory and experiment agree taking the NRF as well as the Oslo averaging intervals. This yields strong support to our interpretation that there are in fact not one but three intermingled scissors modes at play: the standard one and two spin scissors which may be predominately isovector spin-vector and isoscalar spinvector in nature. As mentioned, this is just the natural triplet of scissors modes which one obtains from pure combinatorics.
The case of Actinides is similar to the Rare Earth region. It will be discussed in an extended version of the paper to be published.
IV. CONCLUSION
We have solved the dynamical equations describing the nuclear collective motion without the division into isovector and isoscalar parts, an approximation we had applied in our previous work. As a result a new, third, type of nuclear scissors is found. The three types of scissors modes can be approximately classi- a The summing energy range is 2.0 < E < 3.9 MeV [12] .
fied as isovector spin-scalar (conventional), isovector spin-vector and isoscalar spin-vector, see Fig. 1 . The calculated energy centroids and summarized transition probabilities of even-even Dy isotopes are in very good agreement with the experimental results of the Oslo group. The experimental NRF data for 164 Dy are also in excellent agreement with our calculations, whereas the data for 160, 162 Dy are in good agreement only with the calculated centroids of the two higher lying scissors. So we agree with the conclusion of the authors of [3] : "It is highly desirable to remeasure the Dy isotopes by performing NRF experiments using quasimonochromatic beams in the interesting energy region between 2 and 4 MeV as done for 232 Th." According to our latest findings it is necessary to extend their proposal to all Rare Earth and Actinide nuclei.
